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(54) Separate hole Injection structure for Improved reliability light emitting semiconductor 
devices 



(57) The recombination-enhanced degradation of 
the p-type hetero interface active layer or confining layer, 
of a double heterostructure (DH) light-emitting semicon- 
ductor device can be minimized by using hole injection 
into an n-type DH from a remote p-type hole injection 



layer. The hole injection layer is designed to achieve an 
acceptable hole injection efficiency and minimize optical 
absorption. The doping level and the species are 
selected to accurately control the p-n junction position. 



D OUBLE 

hCTEROSTRJCTUfC 

(DH) 24 



WNDOWAXMTACT LAYERS 



p-TYre HOLE IKUECTO* LAYER „ ^—30 



rvTYPE C0NRNNG LAYER »2 



-20 



- p-n JUNCTCH 22 



* -TW ACTIVE LAYER 



ft-TYPE Cfl^NMO LAYER 



SUBSTRATE 4BJF FER LAYERS 



26 

U 



Flgurm 3A 



a 

CM 
CO 

CD 
CO 
CO 



0. 
LU 



Prln*d by Xarax ( UK) Business s»rvic«s 

2 16 6/3 4 



EP0 886 326 A2 



Description 

RELO OF THE INVENTION 

The Inv ntlon is directed towards th field of light 
emitting semiconductor diodes. In particular, the inven- 
tl n applies to the improving the reliability of such 
devices. 

BACKGROUND OF THE INVENTION 

Highly efficient visible light- emitting diodes (LEDs) 
have been produced in the red, orange, yellow, and 
green spectral regions by employing the AlxGa^xAs and 
(AlxGa^yln^yP material systems and double heter- 
ostructure (DH) devices that use a "bulk" active region 
in the thickness range of 0.1 to 5.0 \im. These highly 
efficient LEDs typically use a direct band-to-band transi- 
tion to produce the light of an appropriate wavelength. 
The DH-structure confines the minority carrier (typically 
electrons) to the active region. The basic DH-structure 
consists of an n-type confining layer (with a electron 
concentration of n^J, active layer for generating light 
via radiative electron-hole recombination, and a p-type 
confining layer (with a hole concentration of Pcl)- The p- 
n junction Is placed wfthin the active layer or at either 
one of the active/confining layer interfaces. Typically, the 
p-n junction position is chosen to optimize the injection 
efficiency. This basic structure may often be modified for 
different reasons. For example, to accommodate quan- 
tum wells wfthin the active region, or to optimize optical 
confinement in the case of semiconductor lasers. This 
basic DH structure is employed In many commercially 
available devices such as LEDs and laser diodes based 
on the InP/lnGaAsP, GaAs/AIGaAs, and GaAs/AIGalnP 
material systems, as well as GaN/AIGalnN LEDs. In 
addition, short-wavelength GaN and II- VI semiconduc- 
tor lasers employing a DH design have been demon- 
strated. 

A schematic diagram for a typical DH LED layer 
structure is shown in Figure 1A. with a corresponding 
band diagram in Figure 1B. In this case, an n-type con- 
fining layer is positioned over the substrate, followed by 
a p-type active layer (with a hole concentration of p AL ) 
and a p-type confining layer (shown in Figure 1 A). A p-n 
junction is oontrollably positioned at the confining layer/ 
active layer interface. Final device layers are built upon 
the p-type confining layer. Efficient minority carrier 
(electron) injection into the active layer is achieved by 
using a high n C L/PAL doping ratio and a large valence 
band offset AE V For AIGalnP LEDs, the confining layers 
(CLs) are (AlxGa^J 5 ln 5 P (0.5 s x s 1) and the active 
layer (AL) Is (AlxGaLj.5ln.5P (0 * x Z 0.5). The epitaxial 
structure may be grown >side up" on an n-type sub- 
strate as shown in Figure 1, or "p-side down" on a p- 
type substrate. 

Another version of the conventional DH LED struc- 
ture is shown in Figures 2A and 2B. In this device, the p- 



n junction is located within the active layer. Efficient 
electron injection into the p-type side of the AL may not 
b as critical as for the device in Figur 1A, since holes 
injected into the n-type side of the AL may also oontrib- 
s ute to light emission. Conventional DH LEDs are 
designed with the p-n junction placed somewhere in the 
active layer as shown in Figures 1A or 2A to optimize 
carrier injection and confinement and to maximize the 
LED efficiency. The devices of Figures 1 A and 2A share 
7C the common characteristic that all or part of the active 
layer, one of the conf ining layers, and the heterointer- 
face where they join are p-tyP©- ™ s basic structure is 
also employed for compound semiconductor laser 
diodes and other light-emitting devices such as optical 
7 5 amplifiers. 

SUMMARY OF THE INVENTION 

The present invention reduces or eliminates the 
20 recombination-enhanced degradation of the p-type het- 
erointerface or p-type active layer or confining layer in 
light-emitting semiconductor devices by using hole 
injection into an n-type double heterostructure from a 
remote p-type hole injection layer. The hole injection 
25 layer should have the desirable characteristics of high p- 
type doping, and a large bandgap E g or conduction 
band offset AE C relative to the DH layers, in order to 
achieve a acceptable injection efficiency and minimize 
optical absorption. The doping level and the dopant 
30 species are selected to accurately control the p-n junc- 
tion position. 

BRIEF DESCRIPTION OF THE DRAWINGS 

35 Figures 1 A and 1 B illustrate a layer structure and 
corresponding band diagram of a DH light emitting 
diode with a p-type active layer (prior art). 

Figures 2A and 2B illustrate a layer structure and 
corresponding band diagram for a DH light emitting 
40 diode with the p-n junction in the active layer (prior art). 
Figures 3A and 3B illustrate a embodiment of the 
present invention and a corresponding band diagram. 

Figures 4A and 4B illustrate an alternate embodi- 
ment of the present invention and a corresponding band 
45 diagram. 

DETAILED DESCRIPTION OF THE DRAWINGS 



We have identified a new and very important degra- 
so datlon mode in high efficiency AIGalnP LEDs. This is 
the recombination-enhanced degradation of p-type 
semiconductor confinement layers and heterointerfaces 
in the DH structure. When this occurs, the efficiency of 
the LED can decrease significantiy during device oper- 
55 ation, resulting in poor reliability. The time required for 
significant degradation to occur may vary from less than 
1 minute to several thousand hours depending on the 
LED op rating conditions, including drive current and 
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junction temperature This degradation mode is most 
prevalent when the LEDs are operated at high current 
densities (> 20 A/cm 2 ), but has also been observed at 
low current densities In some cases, the current-volt- 
ag characteristics may also change during device 5 
operation 

Minimizing the effect of this degradation mode 
would result in devices maintaining efficiency during 
operation and improved reliability. In fact, finding a solu- 
tion this problem is essential to ensure penetration of 
high brightness LEDs into applications such as exterior 
automotive lighting, traffic signals, outdoor signs and 
illumination, and fiber-optic communication, where long- 
term reliability is of paramount importance. 

We have discovered that this degradation mode 
occurs only in p-type layers, and is often concentrated in 
the region near an interface between two p-type semi- 
conductor layers of different compositions This mode of 
degradation may occur in other wide-gap (visible and 
UV emitting) materials systems and may be important in 
narrow-gap (IR-emitting) materials systems as well. The 
present invention solves this problem by using a sepa- 
rate hole-injection layer in dose proximity to a DH struc- 
ture which is completely n-type. This structure should 
provide improved reliability since the electron-hole 
recombination will not occur at or near any critical p- 
type interfaces. Although the inventive concept focuses 
on the application of separate hole-injection structures 
for LEDs, the concept is extendible to any light emitting 
semiconductor device. 

Figure 3A illustrates the present invention, with a 
corresponding band diagram shown in Figure 3B. 
Recombination- enhanced degradation may be mini- 
mized by replacing the p-type confining layer 18 shown 
in Figure 2A with a second n-type confining layer 28 and 
a p-type hole-injection layer 30 as shown in Figure 3. 
Holes are injected into the n-type DH 24 from the 
remote p-type hole injection layer 30, and recombine 
with electrons m the n-type AL 26 to produce photons. 

In this embodiment, the active layer 26 and DH 
structure 24 interfaces (the intersection of the AL 26 and 
confining layer 14, and the intersection of the AL 26 ad 
confining layer 28) are n-type and efficient minority car- 
rier (hole) injection is achieved by using a high p| L /ric L 
doping ratio and/or AE g or conduction band offset AE C . 
The hole concentration In the injection layer 30 is 
defined as p| L - The electron concentration in the confin- 
ing layer 26 is defined as nc L . The bandgap energy is 
E g while AE g is defined as E g (injection layer 30) • E g 
(second confining layer 28). The conduction band 
energy when referenced to the vacuum level is E G while 
AE C is defined as E c (injection layer 30) - E c (second 
confining layer 28). The second n-type confining layer 
28 should be kept thin, within a thickness t^ of 0 < tci_2 
£ Lp where Lp is the hole diffusion length in the n-type 
confining layer (typically - 1 itm). The desirable charac- 
teristics for the hole injection layer 30 are a large E g or 
AEo. a high doping level p IL * 1 x 10 17 cm* 3 , and a low 



p-dopant diffusivrty so that the p-n junction position may 
be accurately controlled The injection layer 30 should if 
possible be optically non -absorbing. In the preferred 
embodiment, the injection layer 30 is C-doped AlGaAs, 
GaP, AIGaP. QaAsP, AIGaAsP, AllnP. or AIGalnP Car- 
bon is advantageous as a p-dopant because rt has a 
very low drffusivity and high doping levels (10 18 < p < 
10 21 cm" 3 ) have been demonstrated. The reliability of 
the DH device of Figure 3A is greatly improved as there 
are no p-type Interlaces which are susceptible to recom- 
bination-enhanced degradation 

Figure 4 A illustrates an alternate embodiment of 
the present invention and a corresponding band dia- 
gram is shown in Figure 4B. An p-type barrier layer 32 is 
inserted between the second n-type confining layer 28 
and the p-type injection layer 30 to create a larger effec- 
tive barrier. This p-type barrier layer 32 may reduce 
electron reverse- injection into the injection layer or 
accommodate dopant redistribution which might occur 
during epitaxial growth, thermal processing, or device 
operation. The layer can be lattice-matched or mis- 
matched (strained or relaxed), although the layer should 
be made as defect-free as possible. 

A variety of factors including undesirable band off- 
sets, doping limitations, or other incompatibilities may 
limit the choices which are practical for making the 
devices shown in Figures 3A and 4A. In these situa- 
tions, minor modifications may be made to achieve the 
desired result. For example, the interface between the 
active layer and the second n-type confining layer may 
be in the depletion region of the p-n junction if neces- 
sary to achieve optimal hole injection efficiency. In addi- 
tion, the structure may be grown p-side up (as shown in 
Figures 3A and 4 A) or p-side down (inverted) without 
changing its function. 

In Figures 3A and 4A, the n-type AL 26 is a single 
epitaxial layer. This design may be modrfied for a 
number of reasons, and may consist of multiple n-type 
layers. For example, a quantum -well or multiple-quan- 
tum-well structure is typically used in edge-emitting and 
vertical-cavity laser diodes. In addition, the heterointer- 
taces may be compositionally graded or abrupt. Thus, 
the active layer in Figures 3 and 4 may be replaced by a 
active region, which may be comprised of any number 
of n-type layers. 

This approach may be applied to a number of differ- 
ent materials and devices. These include, but are not 
limited to, visible light emitters such as AlGaAs and 
AlGalnP-based LEDs and laser diodes and GaN-based 
and ZnSe-based blue LEDs and lasers. The teachings 
of this invention may be used for any light-emitting lll-V 
or ll-VI semiconductor device having a DH-based struc- 
ture for carrier confinement, including LEDs. laser 
diodes, and optical amplifiers. 

The preferred embodiment of the present invention 
may be manufactured by growing an n-type double het- 
erostructure on a substrate. A p-type hole-injection layer 
is fabricated over the double heterostructure. The p 
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type hole-injection layer may be initially grown as an 
undoped hole-injection layer and subsequently doped 
erth r by ditfusi n during growth or by post-epitaxial 
growth processing, such as diffusion or ion implanta- 
tion. Alternate ly, the p-type h le-injection layer may b 
attached to the double net .restructure via wafer bend- 
ing or epitaxial regrowth. The optional p-type barrier 
enhancement layer may be fabricated in a manner sim- 
ilar to the p-type hole-injection layer. The additional 
device layers such as a window and/or a contact layer 
are grown over the p-type hole-injection layer. The epi- 
taxial growth technique used may be MOCVD. MBE, 
LPE, VPE, or any combination thereof. 

As described in the text above, there are a number 
of other possible embodiments that require extending or 
changing the aforementioned manufacturing prooess. 
For example, if the device is fabricated on a p-type sub- 
strate, the hole-injection layer may be grown on the sub- 
strate and the n-type double hater ostructure may be 
subsequently grown. 

Claims 

1 . A light-emitting semiconductor device comprising: 

a substrate (12); 

a double heterostructure (24) positioned over 
the substrate that includes, 

a first and a second n-type confining layer 
(14.28), and 

an n-type active region (26), containing at 
least one layer, Interposing the first and the 
second confining layers; and 

a p-type hole-injection layer (30), positioned 
proximate to the seoond confining layer. 

2. A light-emitting semiconductor device, as defined in 
claim 1, further comprising: 

a barrier enhancement/spacer layer (32) of p- 
type that interposes the second n-type confin- 
ing layer and the p-type hole-injection layer. 

3. A light-emitting semiconductor device, as defined In 
claim 1 , wherein the second confining layer (28) 
has a thickness of less than 1 Jim. 

4. A light-emitting semiconductor device, as defined In 
claim 1 , wherein the p-type hole-injection layer (30) 
is lattice-mismatched with respect to the substrate, 
confining layers, and active region. 

5. A light-emitting semiconductor device, as defined in 
claim 1, wherein: 



compound of AI^GaylrH^yP (Cfcx, y<:1); and 
the p-type hole injection layer (30) is selected 
from a group that includes AlxGayln^. 
y P(0£x,ys1). Al x Ga y ln 1 . x . y As z Pi. z (0<s,y,z£l), 
AlxGav^ASyPi-y (CHXySI) AlxGa^Pflfixjil). 
and AlxGa^xAsfOsxsl). 

6. A light-emitting semiconductor device, as defined in 
claim 5, wherein the p-type dopant is selected from 
a group that includes carbon, magnesium, zinc, 
cadmium, and beryllium. 

7. A light-emitting semiconductor device, as defined in 
claim 6, the hole injection layer (30) further com- 
prising a doping level of at least 1 x 10 17 . 

8. A light-emitting semioonductor device, as defined in 
claim 2, wherein the p-type barrier enhance- 
ment/spacer layer (32) is lattice-mismatched with 
respect to the substrate, confining layers, active 
region, and hole-injection layer, and is pseudomor- 
phically-strained or lattice-relaxed. 

9. A light-emitting semiconductor device, as defined in 
claim 2, wherein the p-type barrier enhancement 
layer (32) has multiple p-type sublayers. 

1 Ol A light-emitting semiconductor device, as defined in 
claim 2, wherein: 

the n-type double heterostructure (24) is a 
oompound of AlxGaylrVx-yP (0£x,y*1); and 
the p-type barrier enhancement/spacer layer 
(32) is selected from a group that includes 
AlxGaylnt.x.yPflsac.yrl), AlxGayln^yAs^ 
(0<ac.y,x£1), AlxGavxASyPi.y (0sac.y£1), A^Ga^ 
x P(0£x*1), and AlxGa-i-xAsfOsxfil). 



11. A method for fabricating a fight-emitting eemicon- 
40 ductor device comprising the steps of: 

growing an n-type double heterostructure on a 
substrate; 

fabricating a p-type hole-injection layer over the 
45 double heterostructure; and 

growing a window layerA»ntact layer over tie 
p-type hole-injection layer. 

12. A method for fabricating a light-emitting semicon- 
50 ductor device, as defined in claim 11, the step of 

fabricating a p-type hole-injection layer further com- 
prising the steps of: 

growing an undoped hole-injection layer; and 
55 doping the hole-injection layer with a p-type 

dopant 
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doctor device, as defined in claim 12, the step of 
doping trie hole injection layer comprising the step 
of diffusing the p-type dopant into the hole-injection 
layer. 

5 

14. A method for fabricating a light emitting semicon- 
ductor device, as defined in claim 12, the step of 
doping the hole injection layer comprising the step 
of implantation of p-type dopant into tie hole-injec- 
tion layer. io 

15. A method for fabricating a light emitting semicon- 
ductor device, as defined in claim 11, the step of 
fabricating a p-type hole- injection layer comprising 
the step of wafer bonding the p-type hole injection is 
layer onto the double heterostructure. 

16. A method for fabricating a light emitting semicon- 
ductor device, as defined in claim 11, the step of 
fabricating a p-type hole-injection layer comprising 20 
the step of epitaxially regrowth of the p-type hole 
injection layer over the double heterostructure. 

17. A method for fabricating a light emitting semicon- 
ductor device, as defined in claim 1 1 , further com- 25 
prising the step of fabricating a p-type barrier 
enhancement/spacer layer prior to the step of fabri- 
cating a p-type hole-injection layer. 

18. A method for fabricating a light-emitting semi con- 30 
ductor device, as defined in claim 17, the step of 
fabricating a p-type barrier enhancement/spacer 
layer further comprising the steps of: 

growing an in -doped barrier enhance- ss 
ment/spacer layer; and 

doping the barrier enhancement/spacer layer 
with a p-type dopant. 

19. A method for fabricating a light emitting semicon- *o 
ductor device, as defined in claim 18, the step of 
doping the barrier enhancement/spacer layer com- 
prising the step of diffusing the p-type dopant into 
the barrier enhancement/spacer layer. 

46 

20. A method for fabricating a light emitting semicon- 
ductor device, as defined in claim 18, the step of 
doping the barrier enhancement/spacer layer com- 
prising the step of implanting the p-type dopant into 
the barrier enhancement/spacer layer. so 
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